Charge transport properties of thin films of sol-gel processed undoped and Al-doped zinc oxide nanoparticles with variable doping level between 0.8 at% and 10 at% were investigated. The Xray diffraction studies revealed a decrease of the average crystallite sizes in highly doped samples. We provide estimates of the conductivity and the resulting charge carrier densities with respect to the doping level. The increase of charge carrier density due to extrinsic doping were compared to the accumulation of charge carriers in field effect transistor structures. This allowed to assess the scattering effects due to extrinsic doping on the electron mobility. The latter decreases from 4.6·10 −3 cm 2 V −1 s −1 to 4.5·10 −4 cm 2 V −1 s −1 with increasing doping density. In contrast, the accumulation leads to an increasing mobility up to 1.5·10 −2 cm 2 V −1 s −1 . The potential barrier heights related to grain boundaries between the crystallites were derived from temperature dependent mobility measurements. The extrinsic doping initially leads to a grain boundary barrier height lowering, followed by an increase due to doping-induced structural defects. We conclude that the conductivity of sol-gel processed nanocrystalline ZnO:Al is governed by an interplay of the enhanced charge carrier density and the doping-induced charge carrier scattering effects, achieving a maximum at 0.8 at% in our case.
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I. INTRODUCTION
Semiconducting zinc oxide nanocrystallites (nc-ZnO) and their optical, electrical and structural properties have been thoroughly investigated in recent years. 1, 2, 3, 4, 5, 6, 7 The ability to synthesize nc-ZnO via the sol-gel technique makes them an interesting choice for versatile applications in solution processable electronics such as transparent transistors 8 or hybrid organicinorganic solar cells 9, 10, 11, 12 . In photovoltaics, the ncZnO was successfully employed to improve the charge generation in donor-acceptor blends.
9,13
The bulk properties of zinc oxide, a II-VI semiconductor, are well known. It has a high dielectric constant of around 8, 14 which is advantageous, e.g., for the charge separation process in hybrid solar cells, a high electron affinity, 15 a large band gap of 3.3 eV 16 and p-and ndopability. In contrast, the physical properties as well as the technological issues of zinc oxide nanoparticles remain to be clarified in view of several aspects. In Ref. 17 , technological concepts including the sol-gel preparation route are reviewed. There are several routes to synthesize Al-doped zinc oxide nanoparticles. 2, 3, 5, 6, 18 In sol-gel synthesized nc-ZnO:Al, the Zn 2+ ions are substituted by Al 3+ ions, as has been recently proven by Orlinskii et al.
1
The intention of extrinsic doping of ZnO nanoparticles is to have a well-defined tool to control the electrical conductivity by generating various free charge carrier densities and to keep the advantages of the processability at the same time. Aluminium acts as an electron donor in ZnO and introduces an allowed energy state just below the conduction band energy. The thermal release of electrons into the band leads to an increase in charge carrier density and, consequently, conductivity. The electrical transport properties of ZnO are mainly investigated by four probe conductivity technique as well as by Hall effect measurements. 3, 4, 5, 6, 7 In crystalline systems, doping usually lowers the mobility due to the enhanced ionic scattering.
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In contrast, a positive effect of doping on the mobility in polycrystalline and nanocrystalline ZnO systems at high doping levels has been reported. 20, 21, 22 Doping has also a strong influence on the crystallite size. 4, 6 The simulations of charge transport within field effect transistors (FET) performed in Ref.
23 ascertained the influence of the grain boundary density on charge carrier mobility.
In this work, the structural and electrical transport properties of the sol-gel processed ZnO nanoparticles with variable Al-doping level were investigated by using X-ray diffraction (XRD), scanning electron microscopy (SEM) and field-effect transistor (FET) measurements. The use of FET provides a tool to determine the mobility, the conductivity and the charge carrier density. Its advantage lies in the variation of the charge carrier density at a constant defect density. We compare the influence of charge carrier density achieved by extrinsic substitutional doping and by the gate-induced accumulation of charges on the mobility. The doping-induced crystallite size variation and its consequences for the charge transport are discussed. The synthesis of nc-ZnO was performed according to the route introduced by Xue et al. 2 It offers the advantage of the functionalization of the particles by using organic groups. These organic compounds act as a surface coating of the particles and help to suppress agglomeration within the solution. 2-methoxyethanole (MTE), monoethanolamine (MEA), zinkacetate dihydrate (ZAD) and aluminiumnitrate nonahydrate (ANN) were purchased from Sigma-Aldrich. 2.096 ml of the stabilizer MEA were dissolved in 100 ml of the solvent MTE to lead to a 0.35 M solution. 0.035 mol of the starting material ZAD was added. ANN depending on the designated doping level was admixed to the solution to achieve up to 10 at% Al doping. The solution was stirred for 2 h at 60
• C and subsequently aged for one day.
B. Sample Preparation and Measurement
The field effect transistors were built upon Sb-doped silicon wafers purchased at Si-Mat. The highly n-doped Si (001) with a nominal resistivity ranging from 0.01 Ωm to 0.02 Ωm serves as the gate electrode. The top layer of the wafer consists of 200 nm thermally grown SiO 2 which forms the dielectric. We used photolithography to get well defined source-drain structures. We thermally evaporated 1 nm Ti as an adhesion layer and subsequently 19 nm thick Au contacts on top of the dielectric. After cleaning the substrate, the nanoparticle solution was spin coated for one minute at 3000 rpm. Thereafter the substrate was heated to 300
• C in an oven in ambient atmosphere for one hour. This step is necessary to remove MEA. Subsequently, the samples were sintered at 500
• C in order to improve the particle-particle cohesion. The layer thickness is about 25 nm and does not significantly vary with doping level. It was determined using a Profilometer (Dektak 150).
The current-voltage measurements were carried out using an Agilent Parameter Analyzer 4155C. The samples were located in a closed cycle cryostat under vacuum conditions and in the dark for at least 24 hours before the measurements were carried out at 300 K, if not specified otherwise.
Scanning Electron Microscope (SEM) micrographs were made using a Zeiss "ultra plus" SEM. Here, Si substrates were used.
The X-ray diffraction (XRD) using Cu K α was carried out on glass substrates, as the Si/SiO 2 substrates show X-ray diffraction peaks near those of ZnO in Wurtzite structure. In order to get a good signal to noise ratio, thicker nc:ZnO:Al layers as in the SEM and FET studies were used. This was achieved by applying the nanoparticle solution five times. The sample was heated to 300
• C after each spin coating step to remove MEA from the layer and, hence, to avoid carbon compounds encapsulated in the nanoparticle pores. Subsequently, the sintering step at 500
• C was applied. The thickness of the layer is about 120 nm and it is almost independent of the doping level.
C. Structural analysis
In order to determine the structure and orientation of the nanocrystals we carried out XRD measurements. The XRD spectra ( Figure 1 ) show only one peak corresponding to the orientation along the c-axis ((002) peak) of the Wurtzite structure. Other peaks resulting from different orientations of the nanoparticles on the substrate are not observable. This indicates that the particles are highly oriented on the substrate. Depending on the doping level, the maximum of the (002) peak decreases while the peak width broadens. An estimation of the nanocrystallite size was done by using the Debye-Scherrer formula β 1/2 = (0.94λ)/(l·cosθ), where l is the particle diameter, λ the X-ray wavelength, β 1/2 the full width at half maximum of the peak and θ the peak maximum position. about 7 nm for the highest doping level is found, as seen in Table I . Although the estimation of the particle size at the highest doping level is less accurate due to the low peak intensity and the large peak width, the tendency of a decreasing crystallite size with increasing extrinsic doping level is clearly visible. The XRD spectra give evidence of the average crystallite size, but the sintering induced linking between particles is important to get continuous electron pathways for the charge transport. Note that one particle can consist of several crystallites. Indeed, the sintering was successfull for 0 at%, 0.8 at%, 2 at% and to a lesser extent for 10 at% doping, as demonstrated by the SEM micrographs in Figure 2 . The particles also exhibit a hexagonal geometry, which is a clear indication of the c-axis orientation. The SEM micrographs show only the dominant particle sizes in a restricted region of the sample, and therefore do not necessarily represent the average crystallite size extracted from the XRD measurements.
D. Field effect transistor measurements
For the investigation of the charge transport properties we chose the field effect transistor geometry. It provides a way to determine the charge carrier mobility for various carrier densities without affecting the defect density. A sketch of the used device structure is shown in Figure 3 .
The transistor characteristics of the nominally undoped sample (Figure 3 ) indicate the effect of accumulating charges by applying a gate voltage. The output characteristics (Figure 3a) show the drain current I d vs. drain voltage V d for several constant gate voltages V g . The output characteristics indicate the transistor performance for the n-conducting case at positive V g . There is no significant injection barrier at the gold/nc-ZnO interface, as can be seen from the ohmic behavior at small
The transfer characteristics I d vs. V g at a constant source-drain field of 70 V (Figure 3b ) provide a way to determine the charge carrier mobility. The accumulation of charges close to the dielectric due to the applied gate voltage modifies the charge carrier density and, hence, the conductivity in the channel. Accordingly, the drain current increases with raising gate voltage. The mobility in this case is proportional to the derivative of the I d -V g curve.
The depletion of the charge carriers in the channel due to decreasing gate voltage usually results in a constant low level drain current, the off-current. In the nconducting case, one estimates the off-current at low gate voltages. In the present study, a rather high off-current was observed, pointing at a high charge carrier concentration being initially present in the channel as a result of unintentional doping.
In the following, we focus on the effect of extrinsic doping on the charge transport, i.e., the conductivity, free charge carrier density, mobility and also the barrier height at the nanocrystallite interface.
Conductivity and charge carrier density
The conductivity σ, the free charge carrier density n and the mobility µ are related by
where q is the elementary charge. Extrinsic doping is supposed to cause thermally activated free charge carriers and, accordingly, a higher conductivity is expected. In order to estimate the values of σ and n, we measured I d -V d characteristics at zero gate voltage in the linear regime, i.e. at low drain voltages, and extracted σ using Ohm's law σ = j/(V d /L), where j is the current density. j results from I d normalized for the contact area, which is the product of the channel width W and the minimum height of the transport layer or the injecting electrode, amounting to 20 nm in our case. L is the channel length of the transistor. Figure 4 shows the values of σ (circles) for the undoped and the variously Al-doped ncZnO. The conductivity of the nominally undoped nc-ZnO was found to be 1.8·10 −2 Sm −1 . σ reaches a maximum of 3.4· 10 −2 Sm −1 at 0.8 at% doping level. The high doping level corresponds to 1.8·10 −2 Sm −1 similar to the initial value of the nominally undoped material.
The field effect mobility (indicated by the crosses in Figure 4 ), which will be addressed in detail in the next subsection, and the conductivity have been used to calculate the free charge carrier density using equation (1) . The extracted values for n are shown in Figure 4 (triangles). As expected, the free charge carrier density increases with the extrinsic doping concentration from 8.9·10
17 cm −3 to 5.6·10 18 cm −3 . L=160 µm, Au bottom contacts on SiO 2 dielectric.
Mobility
Here we focus on the effect of free charge carrier density on the mobility, due to both, accumulation as well as extrinsic doping.
We chose a channel length of L=160 µm since in this case the channel resistance exceeds the contact resistance. Consequently, the linear and saturation mobility are almost identical (not shown). The mobility data in this work was derived from the saturation regime, where the drain current is given by
where C i is the capacitance per unit area. As it was not possible to determine the off-value of the transistor, the threshold voltage V t could not be extracted. We therefore neglected V t , noting that this can imply a misestimation of the intrinsic and doping-induced charge carrier density, respectively. However, the general dependence of the transport parameters remains unchanged as the dopinginduced variation in n, which directly contributes to V t , is on a much smaller scale than the variation by accumulation ( Figure 5 ). In order to estimate a three dimensional charge carrier density within the channel, we assumed that accumulation takes place within the first two nanometers, i.e. d acc =2 nm. The charge carrier density resulting from the field effect measurement, n acc , can then be determined from n acc = C i (qd acc ) −1 V g . We note that the assumed accumulation layer of 2 nm is a rough estimate. It has been reported that the accumulation layer depends on the doping level (see, for example, Ref. 26 ). Since the charge carrier density varies only on a small scale due to doping, as compared to the variation due to accumulation, we do not expect this effect to be high. Furthermore, we accounted for additional free charge carriers, as we calculate a total free charge carrier density, which has its origin in doping and accumumulation, i.e., the initial intrinsic and extrinsic charge carrier densities were added to get the entire free charge carrier density in the channel.
The mobility vs. charge carrier density plot ( Figure  5 ) indicates that accumulation of charges within the un- 23 who simulated grain boundary barrier modulation within ZnO FETs and concluded that an increasing gate voltage leads to a barrier height lowering.
Since doping leads to an increased charge carrier density, a higher mobility with increasing doping level similar to the effect of accumulation is expected. For clarity, we present the field effect mobility at various doping levels at V g = 0 V and V g = 20 V ( Figure 5 ). The variation of the mobility at V g = 0 V is also indicated by the circles in Figure 4 . For V g =0 V, the charge carrier mobility is slightly higher at 0.8 at% as for the undoped case. In contrast, at V g =20 V, µ decreases monotonously with raising extrinsic doping level from 4.6·10
The decrease is attributed to doping-induced disorder and dopants generated ionized impurities, acting as scattering centers. We mainly attribute the origin of the mobility lowering to the grain boundary density within the transistor channel. The simulations in Ref. 23 indicate that the mobility is exponentially lowered with the number of grain boundaries within the transistor channel and therefore with decreasing particle size. Our experimental data indeed reveal an exponential relation between the mobility at V g =20 V and the doping level (not shown). As the mobility is not only determined by the crystallite size and disorder, but also scattering effects, such as electron-electron and electron- ion scattering, it is not possible to give an explicit dependence between the crystallite size and the mobility.
Potential barriers at the crystallite boundaries
In order to investigate the charge transport in more detail, we performed temperature dependent mobility measurements. Figure 6 exemplarily shows the mobility of undoped nc-ZnO at various V g . The mobility of the nanocrystalline material consists of the contributions from the bulk of the crystallites and from the grain boundaries. If thermally activated hopping over the energy barriers between the crystallites is the dominant transport limiting factor in nc-ZnO, 25 the potential barrier height ∆E can be quantitatively derived from temperature dependent mobility data using
where the mobility prefactor µ 0 = ν 0 T −1/2 with ν 0 being temperature independent. The behavior results from thermionic emission 21 . We observed two different slopes for the full temperature range and attribute it to different transport regimes. Usually, the high temperature regime is assigned to thermionic emission over the barrier, whereas at low temperature thermally assisted tunnelling is dominant 20 . We evaluated the activation energy in the high temperature regime, enabling us to relate it to the other The crosses represent the barrier height for various doping levels at V g =20 V. Dashed lines: guides to the eye parameters, such as the conductivity, charge carrier density, and mobility, derived at 300 K. Figure 7 shows the activation energy ∆E vs. carrier concentration in the high temperature regime. For the undoped material, we observe a monotonously decreasing mobility with increasing carrier density, as expected. Doping also results in a decrease in ∆ E up to a doping level of 2 at%, in the case of V g =0 V as well as V g =20 V, indicating a doping induced lowering of the grain boundary energy barriers. At the high doping level of 10 at%, however, a higher potential barrier of 95 meV and 113 meV, repectively, is present, which we ascribe to the influence of structural disorder.
III. DISCUSSION
Our experimental results indicate that extrinsic doping influences the electrical parameters of the nanocrystalline ZnO in a complex way. In the following, we discuss them in a context of charge carrier density variation superimposed by crystallite size modification and structural disorder.
The XRD spectra show a significant decrease in the (002) peak height, which can be accounted for by the additional disorder and transistion to the amorphous phase, induced by the high percentage of dopants in the material. Analyzations of the spectra with the Debye-Scherrer method indicate that the crystallite size decreases with increasing doping level, resulting in a higher grain boundary density. In contrast, the maximum particle size, as seen with SEM, is increasing up to a doping level of 2 at%. We note that the discrepancy between crystallite sizes estimated by the Debye-Scherrer method and the particle sizes seen in SEM micrographs has been previously reported for sputtered ZnO:Al layers 27 and for other nanocrystalline systems. 28 The origin of this difference is attributed to particles, consisting of a few crystallographic domains, i.e., crystallites. Between those grains the grain barrier is being formed. One also has to keep in mind the possiblity, that the ordering within the first few nanometers of the material can be different from the bulk material.
The charge carrier density in the nominally undoped samples, i.e., denoted as 0 at% doping level, is surprisingly high in our case. Actually, considering the bulk energy gap around 3.3 eV, 16 one would expect an undoped system to be insulating. However, our experimentally observed charge carrier densities in the undoped case are in good agreement with literature for sputtered ZnO 29 and sol-gel processed ZnO. 3 The unintentional intrinsic doping of zinc oxide is probably due to oxygen and zinc lattice defects, 30 as well as due to hydrogen interstitials, identified in crystalline systems 31, 32 . Also, for a different sol-gel route, synthesis educts in nc-ZnO:Al have been found by 1 . These impurities can also act as dopants. Depending on the Al doping level, the charge carrier density increases from 8.9·10
17 cm −3 in the nominally undoped case to 5.6·10
18 cm −3 at 10 at%, as expected. We note that in some cases the opposite doping dependence on the charge carrier density can be observed in Hall measurements 4 . There, a lowered n at high doping levels was reported. This trend could not be confirmed by our measurements.
For low doping levels, the growing free charge carrier density leads to an increase in conductivity, whereas at high doping levels, the induced disorder lowers the mobility and thus counteracts the positive effect of a doping induced high carrier concentration on the conductivity. Therefore, we find a maximum in σ at 0.8 at% extrinsic doping level (Figure 4) . We note that the values of conductivity and mobility in zinc oxide nanoparticles studied in our work are low in comparison to other publications 3, 5 . We attribute this effect to the use of thin nc-ZnO layers, which are required by the field effect transistor geometry. An increase of the conductivity and the mobility proportional to the layer thickness has been reported previously.
6,7 Also, a contact limitation can not be neglected for the determination of σ, even though we expect this effect not to be dominant. Assuming a very high contact resistance of 10 MΩm leads to a conductivity and free charge carrier increment of only a factor of two.
At V g =0 V we observe a slightly higher mobility at 0.8 at% as compared to the nominally undoped sample, which we attribute to a doping induced potential barrier height lowering typically found in polycrystalline systems, 20, 21, 22, 25 which was also reported for sol-gel synthesised nc-ZnO:Al 4,5 . Further extrinsic doping of the nc-ZnO with Al leads to a decreasing electron mobility with increasing doping level, as shown in Figure 4 . At V g =20 V, we observe decreasing mobilities for increasing doping levels. Here, the charge carrier mobility is thus proportional to the crystallite size (see Table I ). In order to investigate the charge transport properties in more detail, we performed temperature dependent mobility measurements. As seen in Figure 6 for the nominally undoped sample, two different transport regimes are indicated by the changing slope of the temperature dependent electron mobility. This effect is well known for polycrystalline semiconductors; the high temperature regime is usually assigned to thermionic emission over energy barriers at the grain boundaries, whereas at low temperature thermally assisted tunnelling 20 or variable range hopping between donor states within the crystallites 33 is dominant. The activation energy which we derived in the high temperature regime initially decreases with increasing doping level, with a minimum barrier height at 2 at%. The sample with the highest doping shows an increase in the activation energy, as seen in Figure 7 . The decreasing activation energy for increasing doping level up to 2 at% is consistent with the above-mentioned doping induced barrier lowering. However, as the electron mobility in our systems mostly does not show the expected increase with lowered energy barrier, the charge transport is not limited by thermionic emission over the grain boundaries. Note that high doping levels in crystalline systems also lead to a diminished temperature dependence due to the reduction of the mean free path within the crystallites.
Two possible scenarious concerning the decreasing charge carrier mobility due to the extrinsic doping, (i) intercrystallite scattering due to a higher density of grain boundaries, and (ii) scattering within the crystallites at the defects in the band gap, could both explain our experiments by a formation of additional scattering centers. We considered the first option following the approach of Hossain et al. 23 However, the increasing number of grain boundaries shows a lower influence on the mobility as compared to the lowered barrier height, which is why we discard this explanation: the calculated mobilities do not show the experimentally observed decrease with raised extrinsic doping level. The second scenario, scattering by disorder and impurities due to the high extrinsic doping levels and the sol-gel processing, becomes thus the most probable option governing the charge carrier mobility above 0.8 at% doping. The microscopic origin of these additional trap states is unclear as of yet; an ionic, electronic and/or structural origin of the scattering centers is possible.
In contrast to the effect of extrinsic doping, the mobility steadily increased due to accumulation of charge carriers in the field effect transistor channel (see Figure 5) , whereas the trap density remained unchanged.The activation energy, shown in Figure 7 , decreases correspondingly. Thus, in the case of accumulation, where the density of scattering centers remains constant, the experimental evidence is in favour of carrier concentration induced barrier height lowering governing the charge transport properties.
IV. CONCLUSIONS
We synthesized Al doped zinc oxide nanoparticles via a sol-gel route, resulting in average crystallite sizes between 20 nm to 7 nm corresponding to doping concentrations from 0 at% to 10 at%, respectively. The synthesized nanocrystals possess the Wurtzite structure as derived from XRD and SEM studies. We investigated the charge transport by using field effect transistor structures on SiO 2 with Au bottom contacts. The accumulation of charge carriers in thin films of undoped zinc oxide nanoparticles results in higher charge carrier mobilities. In contrast, despite the extrinsic Al doping leading to an increasing charge carrier density as well, the mobility decreases at higher doping levels. This is attributed to the formation of additional trap states of ionic, electronic and/or structural origin acting as scattering centers. High doping levels lead to smaller potential barrier heights at the nanoparticle interfaces. The potential barrier height derived from temperature dependent measurements reaches its minimum at a doping concentration of 2 at%. Further doping, however, leads to an increase of the charge transport activation energy, as the dopinginduced structural defects become dominant. The maximum conductivity was achieved at the doping concentration of 0.8 at% at room temperature. The interplay between charge carrier density, barrier height and grain boundary density leads to a lowering of the mobility with increasing doping level. To conclude, we demonstrate that the Al doping of zinc oxide nanoparticles by a solgel process is adjustable and can be controlled, but it does not automatically lead to improved electric transport properties as it simultaneously generates structural disorder, thus increasing the scattering of charge carriers.
